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Grassland diversityOvermillennia, the combination of controlled burnings and extensive grazing hasmaintainedmosaic landscapes
and preserved mountain grasslands in southern Europe. In the last century, deep socio-economic changes have
led to an abandonment of traditional uses, to a general decline of the domestic herbivory and to amisuse of burn-
ing practices. This study aims to quantify how the decoupling of burning and grazing regimes affects in the long-
term the structure, diversity and dynamics of high-mountain, shrub-encroached grasslands. In spring 2012, four
treatments (burned-grazed, burned-ungrazed, unburned-grazed and unburned-ungrazed) were set up at three
sites in the Special Area of Conservation Roncesvalles-Selva de Irati, in southwest Pyrenees. During seven
years, we monitored floristic composition and the height of the native tall-grass Brachypodium rupestre in four
plots at each site. In the burned plots, we surveyed the resprout of the dominant shrubUlex gallii and the dynam-
ics of recovering of the herbaceous vegetation. Plant communities evolved differently in grazed and ungrazed
plots. Extensive grazing, despite being lower than in previous decades, maintained plant diversity and limited
shrub encroachment. The total absence of grazing fostered the encroachment of U. gallii at two sites and the
expansion of B. rupestre at the other site. When B. rupestre cover was >60%, the encroachment of U. galliiwas re-
duced. This research highlights the competition that occurs between shrubs and tall-grasses in the absence of
grazing, and the modulating effect exerted by the burnings and the site-specific features. Understanding local
plant dynamics is the first step to design the most appropriate practices that help to preserve diversity at the
landscape and the community level in high-mountain grasslands of south Europe.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)..V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The combination of fires and herbivory is at the origin of most
natural grasslands worldwide: fire is a main abiotic disturbance of
grasslands, and herbivores their primary consumers (Herrero and
Thornton, 2013; Johansson et al., 2012; Leys et al., 2018; Limb et al.,
2011). The spatial and temporal interaction between these two distur-
bances, pyric herbivory sensu Fuhlendorf et al. (2009), has historically
originated and preserved complex landscapes that encompass open
habitats of high ecological value (Fuhlendorf and Engle, 2004; Valkó
et al., 2018; Vera, 2000; Zhang et al., 2018).
Vegetation dynamics in response to different regimes of pyric her-
bivory, interactingwith other landscape drivers, generate various states
of plant communities (Briske et al., 2005) such as different types of
grasslands or woody plant communities assembled in heterogeneous
and discontinuous patches (Van Langevelde et al., 2003). In some par-
ticular situations, non-reversible, alternate stable states may occur, as
a response of crossing structural (e.g. disturbance suppression/intensifi-
cation) or functional (e.g. soil erosion) thresholds (Briske et al., 2005;
Pausas and Bond, 2019). The decoupling of traditional fire and grazing
regimes may have negative consequences in diverse grasslands, and
lead in theworse situations to alternate stable states of very complex re-
covery (Briggs et al., 2005; Suding et al., 2004).
The interaction between fire and herbivory has been studied in
different ecosystems around the world. Firstly, in African savannas ex-
posed to natural regimes of fires and wild herbivory (McNaughton,
1983). Latter, in North American rangelands and in Australian grassland
ecosystems, leading to the development of a comprehensive theoretical
framework to emulate the health of ecosystemsmanaged by anthropo-
genic burnings and domestic herbivores (Bestelmeyer et al., 2017;
Briggs et al., 2005; Briske et al., 2005; Fuhlendorf and Engle, 2004; Hill
et al., 2005). In southern Europe, themost important surfaces of remain-
ing natural grasslands occur in mountain areas, and the structuring role
of burning and grazing has been much less studied (Alados et al., 2019;
Komac et al., 2013), although it has been demonstrated that both distur-
bances have been crucial in their generation (Rius et al., 2009).
In the Pyrenees, traditional and sustainable land-use hasmaintained
mosaic landscapes since Prehistory (Miras et al., 2010), and the use of
pyric herbivory has persisted on the western side until recent years
(Coughlan, 2014; Métailié, 2006). However, rural societies have
undergone deep changes during the last decades, altering the regime
of pastoral burnings and grazing in mountains (Canals, 2019;
Coughlan, 2013), associated with a loss of the traditional knowledge
about the combination of these practices (Fernández-Giménez and
Fillat, 2012). Nowadays, extensive livestock systems in the Pyrenees
are characterized by a dominance of cattle versus sheep flocks, shorter
residence times for herds, declining stocking rates, and less active
shepherding compared to past centuries (Aldezabal et al., 2015;
Coughlan, 2013). The relaxation of livestock grazing pressure onmoun-
tains has favoured shrub encroachment of grasslands and a misuse of
fire, either increasing in frequency or disappearing completely. The
changes in the traditional fire and grazing regimes have led to four
different situations regarding grassland dynamics:
(1) shrubland encroachment in the short term and forest regenera-
tion in the long term (climax theory; Clements, 1936).
(2) afforestation of open landscapes through tree expansionwith lit-
tle or no presence of associated shrubs (Dovčiak et al., 2015),
such as pines in the subalpine grasslands (also associated with
climate change, Batllori and Gutiérrez, 2008).
(3) establishment of dense shrublands with low capability to evolve
to other successional communities, such as dense gorselands of
Ulex gallii Planch. (Múgica et al., 2018) and hedgehog-heaths of
Echinospartum horridum (Vahl) Rothm. (Komac et al., 2013).
(4) replacement of grazing-tolerant species by taller and more com-
petitive native grasses (Pardo et al., 2015), such asAgrostis curtisii2
Kerguélen (Amezaga et al., 2004) or Brachypodium rupestre
(Host) Roem. & Schult., that constitute in the last stages
monodominant, degraded covers highly stable in time (Canals
et al., 2017; Niedrist et al., 2009).
All these situations are causing the reduction of the area of natural
grasslands of high ecological value (Ascoli et al., 2013; Lasanta et al.,
2015; Pe’er et al., 2014) and the loss of the ecosystem services provided
by them, particularly those related to their diversity and provisioning
value (Durán et al., 2020). In this scenario of climate change and shifting
land-use, it is crucial to monitor the long-term evolution of plant com-
munities and the guilds of species that may be favoured to establish
the minimum threshold of traditional activities necessary to maintain
the biodiversity and ecological value of the ecosystems. This research
aims to evaluate how the decoupling of traditional burning and
livestock grazing affects in the long term thefloristic composition, struc-
ture, and diversity of grasslandswith early signs of gorse encroachment,
focusing particularly on the dynamics of two crucial species in western
Pyrenees, the gorse U. gallii and the tall-grass B. rupestre. In order to
determine whether management protocols for mountain grasslands
conservation can be generalized or need to be fitted at local scale, we se-
lected three close areas with particular site-specific characteristics that
were described in detail with respect to topography, soils, vegetation
and livestock grazing pressure. We hypothesize that the burning prac-
tice, when isolated and not combined with an extensive grazing, may
conduct to a non-reversible alternate stable state, represented by a
rapid loss of diversity and a dominance of a strong native competitor
(U. gallii or B. rupestre). In certain circumstances, the current grazing re-
gime, despite being lower than in previous decades, emerges as a crucial
tool to preserve the ecological dynamics of high-valuable, inherited
mountain grasslands.
2. Materials and methods
2.1. Study area and site characterization
The study area is situated in the Aezkoa Valley in the southwest
Pyrenees (43°0′N, 1°10′W), located in the Special Area of Conservation
Roncesvalles-Selva de Irati (Natura 2000 network, code ES0000126).
The climate, influenced by the nearby Atlantic Ocean, is snowy and
cold in winter and temperate and foggy in summer. The mean annual
precipitation is 1990 mm and the mean annual temperature is 9.3 °C
(see Supplementary material, Fig. S1). The vegetation of the area is a
mosaic of beech forests, shrublands of gorse (U. gallii), and natural
grasslands.
In early spring 2012, we selected three different sites (Ezkanda,
Azalegi and Aritzelate) in a lightly shrub-encroached grassland area.
The experimental sites were located relatively close to each other
(<1 km linear distance) at similar altitudes (1080–1100 m a.s.l.) and
comparable slopes (>15°), but with different exposures (S to NE). In
March 2012, physical and chemical analyses of soils (0–10 cm depth)
were conducted. Soils were deep and acidic, with loamy and clay-
loam textural classes, high organicmatter content, high cation exchange
capacity and moderate total nutrient contents (Table 1).
A floristic survey was conducted in July 2012 to describe the
preburning plant communities. The relative abundance of functional
groups before burning was ≤5% shrubs (mainly U. gallii), 60–70%
graminoids (perennial grasses such as Festuca rubra L., B. rupestre
and Agrostis capillaris L.), <10% Fabaceace (Trifolium repens L.) and
20–30% other forbs (such as Potentilla erecta (L.) Räuschel and Galium
saxatile L.).
Although stockbreeding has decreased in the Aezkoa valley during the
recent decades, livestock still grazes the highlands (800–1500 m a.s.l.)
and traditional land uses are maintained to some extent. Winter burns
are frequent, and the traditional shrub-to-shrub burning technique is
still used by local farmers in lightly shrub-encroached areas (San
Table 1
Site characteristics (Infraestructura de Datos Espaciales de Navarra, https://idena.navarra.es) and soil parameters (0–10 cm depth, Naserctic Official Laboratory, Pamplona,
Spain).
Site data Ezkanda Azalegi Aritzelate
Altitude (m a.s.l.) 1100 1080 1090
Exposure S-SW NE N-NW
Slope (°) 15–20 10–20 15–20
Geology Marl and siltstones Calcarenites, limestones and
limestone marls
Calcarenites, limestones and limestone
marls/Marl and siltstones
Soil parameters
Sand (0.05–2 mm) (%) 2.19 4.23 2.75
Silt (0.002–0.05 mm) (%) 50.16 46.65 47.04
Clay (<0.002 mm) (%) 44.59 45.07 47.94
pH in H2O (1:2,5) 5.23 4.58 4.53
Total CEC (cmol(+)·kg−1) 27.40 24.14 23.08
Organic matter (%) 16.45 17.61 15.77
C/N ratio 11.91 13.07 12.09
Total N (%) 0.81 0.78 0.76
Phosphorus (P2O5) (mg·kg−1) 17.83 38.88 23.93
Potassium (K2O) (mg·kg−1) 306.73 257.70 255.85
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native breeds of sheep (Latxa), cattle (Pirenaica) and horses (Burguete)
yearly, from earlyMay to the last days of October. During the experiment,
animal activitywas detected in all the grazed plots (i.e. bitten plants, signs
of trampling, faecal depositions, broken shrub branches, and presence of
animals). According with the information provided by stakeholders,
forest rangers and administrative officers of Aezkoa Valley, the estimated
grazing pressure was site- and year- dependent and ranged from 1 to
3 LU·ha−1·6 months−1. Horses, cattle and sheep flocks graze in
Ezkanda and Azalegi sites, while in Aritzelate grazing pressure is
lower than in the other two sites and sheep presence is negligible
(see Supp. Mat., Fig. S2).
2.2. Experimental set-up
In March 2012, each of the three sites was divided into two areas;
onewas burnedwhile the other remained unburned. Local stakeholders
applied the fire directly to each shrub with the help of a flammable fuelFig. 1. Experimental design and vegetation surveys at the three sites. Treatment combinations:
and unburned and ungrazed (B−G−). Survey methods: quadrat cover of burned shrubs (perm
3
(shrub-to-shrub technique). It was a low-intensity burning, creating a
heterogeneous mosaic of patches of burned gorse shrubs (dark and
grey ashes over the soil) and unburned herbaceous vegetation between
them (see more detailed information about burnings in San Emeterio
et al. (2016)). After the burning, a permanent fence (30 × 15 m) was
installed at each site to exclude livestock grazing in the ungrazed plot.
This procedure resulted in four treatments: burned and grazed
(B+G+); burned and ungrazed (B+G−); unburned and grazed
(B−G+); and unburned and ungrazed (B−G−) (Fig. 1; see experimental
design in San Emeterio et al. (2016)).
The experimental design seeks to mimic the different situations
currently occurring in these mountain grasslands: 1) maintenance of
traditional extensive livestock grazing after shrub-to-shrub burnings
(B+G+), and land use change situations as 2) reduction or cessation of
grazing while maintaining the burnings (B+G−), 3) traditional grazing
in unburned areas with early stages of shrub-encroachment (B−G+),
and 4) abandonment of grazing and burnings (B−G−) (see Supp. Mat.,
Fig. S3).burned and grazed (B+G+); burned and ungrazed (B+G−); unburned and grazed (B−G+);
anent quadrats) within burned plots and point-quadrat in all plots.
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Vegetation surveys were conducted every summer from 2012 to
2018. We used two types of non-destructive survey: 1) Quadrat cover
method, to examine the regeneration dynamics of the plant community
and diversity in the selected burned shrubs (subplots), and 2) Point-
quadrat method (Daget and Poissonet, 1971), to examine the evolution
of floristic composition in all four plots.
2.3.1. Survey of the vegetation recover after burning in permanent quadrats
Six burned gorse shrubs (subplots) were randomly selected at each
site and permanent quadrats were established around them (see Sup.
Mat., Table S1), three in the grazed plot (B+G+) and the other three in
the ungrazed one (B+G−). At each survey, we first identified at species
level the vascular plants present within the quadrats and then we
estimated their cover percentage as horizontal cover and bare soil pro-
portion as ground vertically exposed to the sky. Only living branches of
U. gallii were considered in the inventories. Due to plant stratification,
total plant cover could attain values higher than 100%.
A total of eight surveys were conducted, one per year in July
(2012–1018) and an extra survey inOctober 2012 to control the grazing
effect during the first year, giving a total of 144 inventories (18 invento-
ries per date, 8 dates in total). In the first survey (July 2012) we also
recorded the number of new shoots of U. gallii in the 18 subplots, and
in summer 2017 and 2018 we recorded at random seven measures of
gorse height per subplot.
From the data recorded above, we estimated the plant cover by
growth form: trees, shrubs (including the fern Pteridium aquilinum)
and herbaceous plants, considering two plant guilds, graminoids
(grasses, sedges and rushes) and forbs. Ulex gallii cover was analysed
separately since it was the target of the burning. Three native perennial
grasses were also individually analysed: (i) B. rupestre, a tall-grass
exhibiting expansion in the area (Canals et al., 2017, 2014) and (ii)
F. rubra and (iii) A. capillaris, two dominant grasses which are common
components of high-diversity grasslands. Within the forbs, rosette-
forming species, which are frequently related to the grazing activity of
herbivores, were also studied separately.
We determined the species richness (total number of species in the
permanent quadrats) and estimated the diversity by means of the
Shannon diversity index (H′, a measure of alpha diversity) and the
Pielou's evenness index (J, ameasure of similarity among species cover).
2.3.2. Floristic composition inventories by the point-quadrat method
According to the point-quadrat procedure, we established one line
transect (7 m) on the diagonal of each plot (B+G−, B+G+, B−G− and
B−G+) at the three study sites, and we identified and recorded all the
plant species that touched a narrowpin placed vertically at 20-cm inter-
vals. We surveyed a total of 84 transects, 12 transects per 7 years. In
each survey, we also measured the height (leaf length and maximum
height) of ten plants of B. rupestre randomly selected in each plot.
We calculated the relative abundance of each plant species accord-
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where SRAi and fi are species relative abundance and frequency of oc-
currence of species i.
2.4. Statistical analyses
All statistical analyseswere performed using R v.3.5.2. (R Core Team,
2018). We used the mgcv package (Wood, 2019) for generalized addi-
tive mixed models (GAMMs), nlme package (Pinheiro et al., 2015) for
linear mixed-effect models, and Vegan (Oksanen et al., 2015) for multi-
variate analysis.4
2.4.1. Effects of grazing on plant cover and diversity after burning
We used Generalized Additive Mixed Models (GAMMs) to evalu-
ate the effects of grazing and site on the evolution of plant cover after
burning. Generalized additive models (GAMs) are a non-parametric
extension of General Linear Models. The response curve of GAMs is
more data-driven than model-driven. GAMs relate the mean of the
response variable with non-linear predictors through a smooth link
function (Yee and Mitchell, 1991). GAMMs are an extension of
GAMs which allow the modelling of correlated data through the in-
clusion of random effects. The models included Site (S, three levels:
Ezkanda, Azalegi and Aritzelate), Grazing (G, two levels: grazed
and non-grazed) and Date (D) as fixed effects and Subplot as a
random effect. We chose the optimal random and fixed effects
structures of the models following a top-down strategy (Zuur
et al., 2009). We fitted a beyond optimal model that included all
the fixed effects and as many interactions as possible (S × G + s
(D by S) + s(D by G), with “s” being a smooth function), and
chose the optimal random effect structure using the likelihood
ratio test (restricted maximum likelihood estimation procedures,
REML). The fixed effects structure was chosen using a backward
selection process and a likelihood ratio test (maximum likelihood
estimation procedures, ML). Finally, the best model was re-fitted
again using REML (see Supp. Mat.). The following response vari-
ables were analysed: cover of U. gallii, graminoids, B. rupestre,
F. rubra, A. capillaris, forbs and rosettes, and percentage of bare
soil (see Supp. Mat., Table S2).
To evaluate the effects of grazing and site on the evolution of the
diversity indices (species richness, Shannon index and Pielou's index)
after burning we followed the same approach as for the analysis of
plant cover with data from the permanent quadrats (see Supp. Mat.,
Table S2).
2.4.2. Effects of grazing on plant height
Ulex gallii height in the burned plots was analysed by linear
mixed-effect models, including grazing (two levels), site (three
levels) and the date of survey (two levels, 2017 and 2018) as fixed
factors and subplot as a random effect (see Supp. Mat.). Brachypodium
rupestre height from burned and unburned plots was analysed using
GAMMs, including fire (F, two levels: burned and unburned), site and
date as fixed effects, and plot as random effect (see Supp. Mat.,
Table S2). In both cases, we applied the procedure previously described
for choosing the best model.
2.4.3. Multivariate analysis of floristic composition
We performed a multivariate ordination approach to study the
relationship between biotic and abiotic predictors and the floristic
composition determined by the point quadrat method. In order to
select the appropriate constrained ordination technique, the
response matrix was examined using detrended correspondence
analysis (DCA), with detrending-by-segments and non-linear
rescaling of the axes. The length of the extracted gradients was less
than three, which indicates a linear gradient, so we run a redundancy
analysis (RDA) (Lepš and Šmilauer, 2003). We identified potential
explanatory variables, abiotic and biotic, based on our observations
and on peer-reviewed literature. The abiotic variables included in
the full model were burning, site (exposure), bare ground (%),
mean temperature (°C) and accumulated precipitation (mm) from
the beginning of the plant growing period to the sampling date of
each year (Fig. S1). The biotic variables included were grazing
(presence or absence), grazing pressure (LU·ha−1·6 months−1)
(see Supp. Mat., Fig. S2), B. rupestre leaf length (cm), and grassland
density (measured as number of total contacts in each linear
transect). We used a forward selection procedure to determine the
subset of explanatory variables explaining most variation in the
floristic turn-over. The statistical power of the analysis was assessed
by Monte Carlo permutation tests (n = 999).
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3.1. Grazing effects on plant community recovery after burning
After burning, plant communities evolved differently depending on
whether they were grazed or not. The exclusion of grazing increased
the cover of U. gallii (Fig. 2) and, in the long term, decreased the cover
of herbaceous species, graminoids and forbs (see Supp. Mat., Figs. S4 &
S5). Shrub regeneration after burning was mostly due to U. gallii recov-
ery, the most common shrub species. The absence of herbivores
favoured the expansion of the gorse from 2012 to 2018, although this
response was site-dependent, with greater cover at Aritzelate than at
Ezkanda site at the end of the study (Fig. 2, Table 2). Although the first
period of grazing did not affect gorse resprouting after burning (grazing,
F=1.569 p=0.234; site, F=0.706 p=0.513), seven years of grazing
reduced shrub growth. Gorse was 2.1 times taller in ungrazed than in
grazed areas in 2017 and 2018 (grazing, LR = 17.432 p < 0.001; site,
LR = 3.157 p = 0.206; date, LR= 43.031, p < 0.001) (Table 3).
Grazing increased the cover of graminoids, but the effect varied
among sites and species (Fig. S4, Table 2): regarding themost dominant
grasses, F. rubra attained the highest values in Azalegi andAritzelate and
A. capillaris in Ezkanda and Azalegi. In contrast, the cover of B. rupestreFig. 2. (A)Grazing exclusion effects onUlex gallii cover and (B) site effects on B. rupestre cover in
confidence interval (shaded area). (C) Ulex gallii cover vs. B. rupestre cover in burned plots from
represent original values.
5
was not significantly affected by grazing, but there were significant dif-
ferences among sites, becoming the dominant grass in Ezkanda at the
end of the study (Fig. 2, Table 2). Fig. 2-C shows that when B. rupestre
cover was higher than 60%, the cover of U. gallii remained low, below
30%. The effect of fire on B. rupestre height was site and grazing-
dependent. Leaf length andmaximumheight of this specieswere higher
in ungrazed plots, but there was no burning effect, except in the grazed
area of Azalegi, where B. rupestre height was greater in unburned plots
(Fig. 3, Table 4).
Grazing did not significantly affect total forb cover but it tended to
increase in later years in the grazed plots at Aritzelate and Azalegi com-
pared to the ungrazed ones. Grazed plots contained similar proportions
of forbs. The cover of rosette-forming species differed significantly
between sites and treatments: it tended to a linear decrease in ungrazed
plots, while in the grazed ones there was a peak in 2014, being 2.0, 2.6
and 1.7-fold higher than in ungrazed plots of Azalegi, Aritzelate and
Ezkanda, respectively (see Supp. Mat., Fig. S5; Table 2).
The effect of grazing on bare soil was time-dependent (significant
grazing × date interaction): the first year it was similar in grazed and
ungrazed areas, and then decreased following different trends in grazed
and ungrazed plots. The presence of livestockmaintained bare soil cover
during the first years after burning, with values 3.5, 4.2 and 4.9-foldburnedplots from2012 to 2018. Expectedvalues (line), partial residuals (dots) and the 95%
2012 to 2018 at the three study sites. Circles (grazed, G+) and triangles (ungrazed, G−)
Table 2
Generalized additive mixedmodels (GAMMs) for growth form groups and subgroups, U. gallii and dominant grass cover, bare soil and diversity indices. Statistical outputs for parametric
and smooth terms: df, degrees of freedom; edf, estimated degrees of freedom; variance ratio (F) and significance level (p). AIC, Akaike information criterion. S, Site; G, grazing; D, date. (*)
Square root transformed variables.
Parametric terms Smooth terms
Variable R2 AIC df F p edf F p
Plant cover
U. gallii 0.672 1082.7 S 2 15.73 <0.001 s(D:SAz) 3.840 3.52 <0.001
G 1 10.71 0.001 s(D:SAr) 2.950 8.23 <0.001
s(D:SEz) 0.000 0.00 0.591
s(D:G+) 0.000 0.00 0.440
s(D:G−) 2.142 1.68 0.005
Graminoids 0.515 1232.1 S 2 4.30 0.015 s(D:SAz) 0.000 0.00 0.763
G 1 11.18 0.001 s(D:SAr) 0.861 0.35 0.093
s(D:SEz) 1.949 1.54 0.004
s(D:G+) 2.087 3.21 <0.001
s(D:G−) 0.000 0.00 0.719
B. rupestre 0.528 1125.4 S 2 15.21 <0.001 s(D:SAz) 0.000 0.00 1.000
s(D:SAr) 0.000 0.00 0.525
s(D:SEz) 1.826 2.14 <0.001
F. rubra 0.517 853.4 S 2 46.18 <0.001 s(D:G+) 2.126 3.16 <0.001
G 1 10.57 0.001 s(D:G−) 0.845 0.21 0.207
A. capillaris 0.346 944.9 S 2 8.20 <0.001 s(D:G+) 1.676 0.95 0.029
G 1 3.14 0.078 s(D:G−) 0.274 0.06 0.263
S × G 2 2.45 0.090
Forbs 0.501 1095.1 S 2 0.44 0.646 s(D:G+) 2.999 4.31 <0.001
G 1 0.03 0.856 s(D:G−) 4.466 8.01 <0.001
S × G 2 2.27 0.107
Rosette* 0.369 406.3 S 2 4.56 0.012 s(D:G+) 3.507 6.875 <0.001
G 1 5.76 0.018 s(D:G−) 1.543 1.968 0.001
Bare soil* 0.764 486.4 S 2 17.50 <0.001 s(D:G+) 2.207 8.27 <0.001
G 1 25.94 <0.001 S(D:G−) 5.700 60.97 <0.001
S × G 2 5.17 0.007
Diversity indices
Species richness 0.713 661.3 S 2 4.58 0.012 s(D:G+) 3.003 12.25 <0.001
G 1 54.30 <0.001 s(D:G−) 2.527 3.25 <0.001
Shannon index 0.680 13.2 S 2 7.05 0.001 s(D:SAz) 0.000 0.00 0.973
G 1 13.25 <0.001 s(D:SAr) 1.500 0.95 0.015
s(D:SEz) 0.881 0.24 0.167
s(D:G+) 4.082 14.16 <0.001
s(D:G−) 3.093 5.32 <0.001
Pielou's index 0.554 283.6 S 2 2.56 0.081 s(D:SAz) 1.348 1.16 0.007
G 1 2.13 0.147 s(D:SAr) 2.614 5.88 <0.001
S × G 2 2.70 0.071 s(D:SEz) 0.526 0.14 0.198
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Ezkanda during 2013. In later years values were similar, except in
Azalegi (see Supp. Mat., Fig. S5; Table 2).
3.2. Grazing effects on species richness and diversity after burning
The total number of species and the Shannon index increased in
grazed and burned plots until 2016 and 2014, respectively, and after-
wards they had a slight decrease or remained similar. In contrast,
both parameters decreased with time in non-grazed areas. At the
end of the study, grazed plots mostly doubled the number of species
compared to non-grazed plots, and species richness was higher in
Azalegi and Aritzelate than in Ezkanda. The Shannon diversity
index was 1.7-fold greater in grazed than in non-grazed areas atTable 3
Ulex gallii height (cm) in July 2017 and 2018, and the number of shoots after burning (July
2012) in burned-grazed and burned-ungrazed plots. Values are the mean ± standard er-
ror. Different letters indicate significant differences.
Ulex gallii Year Grazed Ungrazed
Height (cm) 2017 23.8 ±1.6 d 51.0 ±1.5 b
2018 28.9 ±2.0 c 61.7 ±1.8 a
Initial shoots (number) 2012 13.4 ±1.6 10.8 ±1.6
6
the end of the monitoring. The grazing effect on evenness was
site-dependent: Pielou's index was greater in grazed than in
non-grazed areas of Aritzelate (Fig. 4, Table 2).
3.3. The effects of the burning and grazing interaction on the evolution of
floristic composition
According with the best fitting RDAmodel, the variability of plant
communities evolution in the plots is mostly explained by the
following explanatory variables: site, burning, grazing pressure
(GP, livestock stocking rate), date, leaf length of B. rupestre, mean
air temperature and vegetation density (Fs). The first and second
axes of the RDA ordination explained 45.50 and 13.28% of the varia-
tion, respectively (Fig. 5).
The plant communities were similar at the beginning of the experi-
ment (July 2012), but they diverged over time from grazing-tolerant
herb-dominated communities (RDA ordination's lower-right side) to
B. rupestre-dominated grasslands at Ezkanda (lower-left side, horizontal
gradient) and toU. gallii-dominated plant communities at Aritzelate and
Azalegi (upper-left side, diagonal gradient) (Fig. 5). Non-grazed plots,
irrespective of the burning treatment, exhibited changes in theirfloristic
composition over timedepending on site. The absence of grazingmainly
fostered the expansion of B. rupestre in Ezkanda, while in Azalegi and
Aritzelate it favoured U. gallii encroachment (Fig. 5; see Supp. Mat.,
Fig. S6).
Fig. 3. Brachypodium rupestre leaf length and maximum height in the four plots (B+G+, burned and grazed; B+G−, burned and ungrazed; B−G+, unburned and grazed; B−G− unburned
and ungrazed) from 2012 to 2018. Expected values (line), partial residuals (dots) and the 95% confidence interval (shaded area). Line colour: green, grazed plots (G+); orange, ungrazed
plots (G−); background colour: white, unburned plots (B−); grey, burned plots (B+). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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burned treatment at the lower-left quadrant and unburned treatment
at the upper-right. Brachypodium rupestre leaf length was positivelyTable 4
Generalized additive mixedmodels (GAMMs) for B. rupestre leaf length and maximum height.
degrees of freedom; variance ratio (F) and significance level (p). AIC, Akaike information criter
Parametric terms
Variable R2 AIC df F
Leaf length 0.708 6225.3 S 2 13.46
G 1 52.18
B 1 1.64
S × G 2 21.59
S × B 2 3.18
Max. height 0.584 6131.5 S 2 6.68
G 1 39.42
B 1 7.24
S × G 2 28.11
S × B 2 3.81
G × B 1 2.21
S × G × B 2 5.67
7
related to the year of sampling andmean temperature during the grow-
ing season (upper-left quadrant), but exhibited a negative correlation
with grazing pressure (GP) (lower-right quadrant) (Fig. 5-B). DespiteStatistical outputs for parametric and smooth terms: df, degrees of freedom; edf, estimated
ion. S, Site; G, grazing; B, burning.
Smooth terms
p edf F p
<0.001 s(D:SAz) 3.794 3.66 <0.001
<0.001 s(D:SAr) 1.134 0.38 0.126
0.201 s(D:SEz) 0.000 0.00 0.138
<0.001 s(D:G+) 4.636 11.16 <0.001
9 0.042 s(D:G−) 5.611 24.13 <0.001
0.001 s(D:G+) 2.672 13.58 <0.001






Fig. 4. Species richness, Shannon diversity index and Pielou's evenness index in burned plots from 2012 to 2018 at the three study sites. Expected values (line), partial residuals (dots) and
the 95% confidence interval (shaded area). Grazed plots (G+); ungrazed plots (G−).
L. Múgica, R.M. Canals, L. San Emeterio et al. Science of the Total Environment 790 (2021) 147917the grazed areas of the three sites being located around the centre of the
RDA ordination, they had little in common (Fig. 5-C).
4. Discussion
4.1. Herbivory shapes the post-burning grassland evolution
The results of the study show that U. gallii resprout occurs consis-
tently in both grazed and ungrazed areas, but the presence of grazers
slows down its growth and expansion. According with previous
works, domestic herbivores such as horses, sheep and goats browse8
the tender shoots of gorse and cause severe mechanical damage by
trampling (Jáuregui et al., 2009; López et al., 2017). Although the partic-
ular response to fire depends on the species of shrub and its regenera-
tion strategy (Reyes and Casal, 2008), post-fire management is also
decisive (Jáuregui et al., 2007). When extensive grazing delays the
recovery and expansion of the gorse in grasslands, a low recurrence of
burns is needed to control the resprout, allowing a sustainable burning
regime (Gómez et al., 2019). Frequent burns can produce undesirable
changes in soil functioning and nutrient pools (Girona-García et al.,
2018; Godwin et al., 2017; San Emeterio et al., 2016), and also have neg-
ative impacts on plant communities.
Fig. 5. RDA ordination diagrams of the floristic composition of the four plots at the three sites measured by the Point Quadrat Method. (A) Ordination diagram showing the correlation
vectors for themost abundant species. The species are labelled by the first three letters of their genus and species epithets (see Supp. Mat., Table S3). (B) Biplot diagram showing explan-
atory variables' vectors and centroids. BrLeaf, B. rupestre leaf length; Tmed, mean of air temperature; Fs, total species frequency (grassland density); GP, grazing pressure (stocking rate).
(C) Ordination diagram showing inventories: burned (B+) and unburned (B−); grazed (G+) and ungrazed (G−); confidence ellipses (95%) for sites indicated by colours (yellow, Ezkanda;
blue, Azalegi; pink, Aritzelate). (D) Ordination diagram showing grazed (dotted lines) and ungrazed (solid lines) areas in 2012 (red) and 2018 (blue). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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gap generation) increases environmental heterogeneity and creates
new opportunities for plant species as a result of changes in their
competitive hierarchies (Adler et al., 2001; Gaujour et al., 2012;
Piqueray et al., 2015). The revegetation process after burning is gradual
in grazed areas, where livestock trampling and defoliation slow down
recolonization, and increase micro-disturbances that provide space
and opportunities for the establishment and growth of less abundant
plant species (Canals and Sebastià, 2000). Although the effects of
herbivores on plant diversity may differ depending on the environment
(Davies and Bodart, 2015; Milchunas et al., 1988), measured diversity
parameters in this research displayed consistent patterns at the three
sites.
4.2. Alternate stable states after the decoupling of burning and grazing
Our research also shows that, in the absence of herbivory, plant
community recovery after burning is largely modulated by site-specific
features, both abiotic (e.g. site exposure) and biotic characteristics (e.g.9
preburning floristic composition). Resource availability and competitive
interactions play a crucial role in the dynamics of plant communities
when there are not dominant disturbances (Buckland et al., 2001;
Odriozola et al., 2017).
Ulex gallii and B. rupestre are the two species that exploit their
competitive traits (Table 5) to reach dominance in the grazing
excluded areas. When B. rupestre reaches about 60% cover, U. gallii is
outcompeted. This phenomenon was observed in Ezkanda, where
abiotic factors (a higher soil pH and a southern exposure) may favour
the development of B. rupestre, a species better adapted to a wider
range of soil reaction and water balance than U. gallii (Rameau et al.,
1989). It seems that the exposure and the water holding capacity of
the soils at each study site, since the precipitation and the slopes are
similar across the three sites, are key factors that may promote the
growth of the tall-grass (measured as leaf length, maximum height,
and plant cover) and increase its chances to outcompete the shrub in
non-grazed areas. Therefore, the environmental variability may be
decisive in plant community evolution in non-grazed areas (Deák
et al., 2021), where abiotic factors allow the rapid growth of large
Table 5
Ulex gallii and Brachypodium rupestre characteristics.
Ulex gallii Brachypodium rupestre





Deep, with high nutrient uptake
capacity (Hayati and Proctor,
1990). Symbiosis with N-fixing
Rhizobium bacteria (Stokes and
Bullock, 2003).
Robust rhizome (nutrients
reservoir, clonal spread, buds
protection) (Bobbink et al.,
1998; de Kroon and Bobbink,
1997) and high N-uptake
capacity (Canals et al., 2014;
Ryser et al., 1997).
Propagation
strategy
Mostly by seeds; germination in
early autumn and spring. Also
vegetative resprouting from root
buds (Gloaguen, 1993; Jáuregui
et al., 2007; Stokes and Bullock,
2003).
Sexual reproduction by seeds
(Baba et al., 2012). Effective
lateral clonal spreading and





Dependent on the stage of
development. Low for lignified
branches and prickles (Ferreira
et al., 2013).
Dependent on the stage of
development. Low; rapid loss of
digestibility compared to other
temperate grasses (Illius and




Moderate regrowth from root
buds (Gloaguen, 1993) and high
seed germination response
(Reyes and Casal, 2008).
Rapid vegetative spreading after
surface fires (Canals et al.,
2014).
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overshadowing (see Supp. Mat., Fig. S7).
Regarding diversity, the expansion of U. gallii or B. rupestre due to
grazing exclusion leads to a loss of species richness and plant diversity
over time. Both species, native to the area of study, benefit particularly
from fires and decreased grazing (Table 5) and their relative covers
influence plant diversity at different scales. At plant community level,
dominance of either shrubs or tall-grasses leads to a reduction in
α-diversity, with a sharper decrease of the number of cohorts of
herbaceous species when B. rupestre dominates the grasslands. On a
landscape scale, shrub-encroachment by U. gallii and the subsequent
loss of grasslands diminish vegetation mosaics, reducing β-diversity.
When the altered burning and grazing regimes persist over time,
plant communities dominated by U. gallii or B. rupestre may become
trap communities, constituting alternative stable states, with very low
capability to evolve to other successional stages (Beisner et al., 2003;
Pausas and Bond, 2019). After seven years of grazing exclusion, the
spreading of both species in diverse grasslands not only leads to com-
munity degradation but also to the accumulation of great amounts of
highly flammable above-ground biomass (Canals et al., 2017; Marino
et al., 2011; Reyes et al., 2009). Consequently, given the current global
warming scenario, these fuel accumulations increases the hazard of
spontaneous wildfires in mountains (Galiana and Lázaro, 2010; Reyes
et al., 2009). Therefore, it is advisable to design management plans of
these plant communities to reverse the situation and maintain mosaic
open areas.
4.3. Management implications
Till the last century, the inherited traditionalmanagement related to
fire and herbivory in mountain areas ensured the maintenance of cul-
tural landscapes characterized by highα- andβ-biodiversity and proper
ecological functioning (Galvánek and Lepš, 2008; Hillebrand et al.,
2008; Johansson et al., 2018; Plieninger et al., 2006). In the last decades,
a diversity loss and the development of alternate stable states are
occurring, mainly due to the lack of grazers and to the misuse of burn-
ings (Valkó et al., 2014). Given the current global change scenario, it is
more necessary than ever to preserve resilient landscapes, constituted
by a complexmosaic of diverse habitats, and to promote the restoration
of the already existing degraded areas (Guadilla-Sáez et al., 2019;10Piqueray et al., 2011; Vandvik et al., 2005). The restoration of plant com-
munities which have developed an alternate stable state aims to over-
come the resilience of the degraded community favouring new states
with greater potential to provide more ecosystem services (Wonkka
et al., 2016).
The best approach for preserving and maintaining high-diversity
communities developed with grazing and fire, is precisely, promoting
the active application of both combined practices (Köhler et al., 2005).
In mountain areas with a long history of fire management, burning is
a necessary tool to preserve an optimal pastoral activity of grazed
lands (Faerber, 1996), and it has become a valuable preventive method
to reduce the risk of large wildfires (Johansson et al., 2018). Further-
more, maintaining the level of complexity of traditional management,
that combines fire and grazing and applies them at adequate spatial
scales, is crucial to preserve plant community diversity and complex
mosaic landscapes (Vandvik et al., 2005).
5. Conclusion
Extensive livestock grazing after pastoral (shrub-to-shrub) burnings
delays the encroachment of the shrub U. gallii and the expansion of
the tall-grass B. rupestre, promoting high plant diversity in pasturelands.
Nowadays, the activity of domestic herbivores in mountain areas must
be understood and planned with the double purpose of satisfying the
needs of animals (and farmers' productive needs) while promoting
their crucial role as preservers of the inherited resilient landscapes
(Alados et al., 2019; Fuhlendorf et al., 2009; Zhang et al., 2018). The
results of this research show that the traditionalmanagement of domes-
tic herbivores in western Pyrenees, characterized by a mixed grazing of
sheep, cattle and horses, with limited animal guidance and stocking
rates ranging from 1 to 3 LU·ha−1· 6months−1, is adequate to preserve
the high diversity and ecological value of grasslands, preventing the cas-
cade of divergent degradative processes that occur in the total absence
of herbivory.
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